Salmonella enterica serovar Oranienburg (SO) was linked to a human salmonellosis outbreak in the Midwest in 2015 and 2016 from consumption of eggs. However, unlike Salmonella enterica serovar Enteritidis (SE), little is known regarding the potential of SO to colonize in laying hens and contaminate eggs. We used in vivo and in vitro models to evaluate tissue colonization and survival capacity of SO. Twenty eight-week-old laying hens were each challenged with an oral dose of approximately 10 7 (n = 92) or 10 9 (n = 96) colony-forming units (CFU) in 1 mL saline and evaluated after 1, 2, and 4 wk. Standard microbiological methods with pre-enrichment and enrichment in selective media were used for detection of SO in tissues, egg shell wash, internal egg contents, and excreta. Peak colonization of spleen (86.9%), ovaries (31.6%), upper oviduct (15.8%), and lower oviduct (34.3%) was detected between 1 and 2 wk post-infection (pi), while at 4 wk SO was only recovered from spleens (25%).
Salmonella enterica serovar Oranienburg was not recovered from internal egg contents. However, the presence of SO on egg shells was seen when there were traces of excreta. Shedding in excreta was found in 92 and 100% birds gavaged with 10 7 and 10 9 CFU at 2 wk pi, respectively. The invasion and proliferation of SO in ovarian granulosa cells (GC) was compared to that of SE, and while the invasion of SO into GC was comparable to SE, proliferation of SO was significantly lower (P < 0.05). The infective potential of SO was also assessed by enumerating survival in egg white over 4 wk under refrigerated conditions, resulting in 65% survival at 4 wk. Overall, our data suggested that SO infection in layers did not result in egg contamination via vertical transmission, and colonization of egg-forming tissues was limited to 2 wk pi. Survival within GC and egg white demonstrates the ability of SO to withstand antibacterial factors and the potential of SO to penetrate the yolk.
INTRODUCTION
Human salmonellosis is typically associated with the consumption of contaminated animal and plant-derived foods, with shell eggs and poultry meat as the predominant sources of infection (Jackson et al., 2013) .
At a per capita consumption of 274.7 eggs and 107.6 pounds of poultry (U.S. Department of Agriculture, 2017) in the U.S., microbiological control measures in commercial poultry farms and processing facilities are essential to prevent egg and poultry meat contamination and resulting human illness. Serovars of Salmonella enterica are known to colonize poultry and have established a unique ecological niche in the poultry environment. Experimental challenge studies in laying hens with Salmonella serovars are frequently conducted to determine tropism for the egg-forming tissues and egg contaminating potential. After an oral gavage with Salmonella, the bacteria from the intestine can become systemic and colonize internal organs such as the liver and spleen, and can further disseminate into the ovaries, follicles, and oviduct. Contaminated eggs could result from direct (vertical transmission) contamination of yolk, albumen, egg shell membranes or egg shells before oviposition, or from exposure to contaminated feces after or during oviposition (horizontal transmission) (Gantois et al., 2009 ).
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A strong association has been established for Salmonella enterica serovar Enteritidis (SE) mediated human salmonellosis from consumption of shell egg and poultry meat. However, Salmonella enterica serovars other than Enteritidis, such as S. Heidelberg (SH) and S. Typhimurium, have been implicated in egg-associated outbreaks worldwide (Jackson et al., 2013) . Recently, the CDC (Centers for Disease Control and Prevention (CDC), 2016) reported outbreak(s) of Salmonella enterica serovar Oranienburg (SO) infections linked to the consumption of shell eggs in Midwest U.S. Although a lot is known regarding the association of SE with egg contamination, not much is known of SO for its ability to contaminate eggs by either vertical or horizontal transmission. A recent study showed its invasion potential in explants of oviduct segments . Further, SO was shown to form a biofilm on egg shell surfaces, indicative of its ability to survive harsh physical and chemical environments, thus presenting a potential public health risk (Pande et al., 2016) . The aim of this study was to use a laying hen model, orally infected with SO to assess colonization in egg-laying tissues and internal egg contamination by vertical transmission. During the systemic transovarian transmission of Salmonella, intra-yolk contamination of a forming egg may occur wherein the bacteria can invade and proliferate in the granulosa cell layer of the pre-ovulatory follicle, penetrate the vitelline membrane and get deposited into the yolk (Thiagarajan et al., 1996) . In this study, we also used the in vitro ovarian granulosa model to determine the invasion and proliferation capacity of SO.
It is noteworthy that natural and experimental egg contamination by Salmonella serovars is low and sporadic, with one study showing higher frequency of bacteria in the albumen than in the yolk of naturally contaminated eggs (Humphrey et al., 1991) . However, experimentally infected hens have shown to lay contaminated eggs with either no difference in frequency between albumen and yolk or even a higher occurrence in the latter (Gast et al., 2007) . As the majority of the human salmonellosis outbreaks are associated with consumption of undercooked or raw eggs, the U.S. Food and Drug Administration (FDA) mandated refrigeration of eggs at 45
• F within 36 h post-lay (Food and Drug Administration, HHS, 2009), to restrict growth of internalized bacteria. Studies have shown either total or partial loss of viability of Salmonella serovars in albumen at 39 to 46
• F, and the magnitude of this loss was dependent on time of incubation, serotype, strain and initial concentration of the bacteria (Lock and Board, 1992; Schoeni et al., 1995; Gast and Holt, 2000; Kang et al., 2006) . This loss of viability has been attributed to many antibacterial factors present in the egg albumen (Baron et al., 2016) , thus survival of the pathogen in the hostile environment of albumen is indicative of its infective potential. As an indicator of SO infective potential, we tested its persistence in albumen under refrigerated conditions for up to 4 wk.
Given that the SO-outbreak(s) resulted in 60 cases of illness, this is the first report of an oral challenge study in laying hens to assess in vivo colonization, vertical egg contamination, and in vitro survival and persistence of the bacterium within the granulosa cells and egg albumen.
MATERIALS AND METHODS

Laying Hens and Acclimation
Two hundred and eighteen specific-pathogen-free White Leghorn chicks (6 to 8 wk old) were obtained from Charles River Laboratories (Wilmington, MA, USA). Of these, 188 birds were used for evaluating tissue colonization and internal egg contamination after oral infection with SO. The remaining birds were used for granulosa cell isolation and to obtain fresh noncontaminated eggs. Birds were housed in wire cages with ad libitum access to feed and water. The animal protocol was approved by the Institutional Animal Care and Use committee of the Center for Food Safety and Applied Nutrition (CFSAN) and the study was conducted according to the Animal Welfare Act guidelines. The birds were fed a starter-grower diet until 18 wk of age and then switched to a layer diet until the end of the study. Lighting was continuous for 10 h/d until the birds were 16 wk old; thereafter, lighting was increased by 1 h each week until a maximum of 16 h/d was reached. Health records and egg production data were maintained for each bird throughout the study period.
Bacterial Strains and Infection
A representative strain of SO, isolated from environmental drag swabs associated with the 2015 outbreak reported by the CDC, was obtained from CF-SAN (strain #FDA00009742, Whole Genome Sequence ID #SRX1528642). It is important to note that the SO strains from 2015 and 2016 outbreaks were closely related genetically. Salmonella enterica serovar Enteritidis phage type 8 (#638970-15, Arkansas district lab, FDA), used for comparison in the in vitro granulosa experiments, was isolated from environmental samples of the Iowa farm linked to the 2010 shell egg outbreak. In addition, Salmonella enterica serovar Hadar (SHd), used as a control in the granulosa experiment, was generously provided by R. Gast (USDA, Athens, GA, USA) and was shown previously not to contaminate eggs, although it could colonize tissues (Gast et al., 2011) .
Tissue Colonization Experiments
Laying hens, approximately 28-wk-old, were divided into 2 groups; each hen in the group received an oral gavage of SO at either 10 7 or 10 9 colony-forming units (CFU) in 1mL saline. The hens were euthanized at 1 (n = 48, 24 per dose), 2 (n = 76, 38 per dose), or 4 (n = 64, 30 in 10 7 , and 34 in 10 9 dose group) wk postchallenge. Time points were chosen based on previous studies with other serovars that showed higher tissue colonization at 1 wk rather than at 2 and 3 wk postchallenge. However, it has been shown that more contaminated eggs were laid in the 2nd and 3rd wk postchallenge (Gast et al., 2004 (Gast et al., , 2007 (Gast et al., , 2011 
Bacteriological Analysis of Samples
Tissues, eggs, egg shell washes, and excreta were cultured for SO using minor modifications of the procedures as described in FDA's bacteriological analytical manual (BAM, http://www.fda.gov/Food/ FoodScienceResearch/LaboratoryMethods/ucm070149. htm). Briefly, spleen, ovary, upper oviduct (infundibulum and magnum region), lower oviduct (isthmus and vagina), and excreta were suspended in 5 volumes of lactose broth containing 1% Triton X-100 and homogenized for 1 min using a Seward stomacher (Bohemia, NY, USA). In addition, the excreta were vortexed and the supernatant was used for analysis after centrifugation (750 g/5 min). The egg shells were washed in bags containing buffered peptone water (5 mL) and internal egg contents were blended for 30 s. Following this, an aliquot of the shell wash or blended egg contents (5 mL) was added to 45 mL trypticase soy broth. All homogenates were incubated at 35
• C for 24 h and then transferred to 10 mL Rappaport-Vassiliadis medium (0.1 mL inoculum) and tetrathionate broth (1 mL inoculum). The Rappaport-Vassiliadis and tetrathionate tubes were incubated at 42 ± 2
• C and 35 ± 2
• C, respectively, for 24 ± 2 h. These cultures were streaked onto Hekoten enteric and Xylose Lysine Tergitol-4 agar, and incubated at 35
• C for 24 ± 2 h. Typical SO colonies appeared as large glossy black centered colonies.
Ovarian Granulosa Cell Isolation and Infection with Salmonella Serovars
Actively laying hens were euthanized by cervical dislocation, and F1 (largest), F2, and F3 pre-ovulatory follicles were excised from the ovarian tissue. The granulosa layer was separated from the thecal layer as previously described (Gilbert et al., 1977; Tilly et al., 1991) and dissociated in Type IV collagenase (1.5 mg/mL, Worthington Biochemical Corp., Lakewood, NJ, USA) containing M199 medium (Life Technologies, Grand Island, NY, USA). The viable dispersed cells were enumerated by trypan blue exclusion method and suspended in M199 medium supplemented with bovine serum albumin (0.2%), glucose (0.2%), chicken serum (4%), fetal bovine serum (4%), and antibioticantimycotic (1×) solution (Life Technologies). Approximately 1.5 × 10 6 granulosa cells were seeded onto 60 mm cell culture dishes (Corning, Tewksbury, MA, USA), and grown for 48 h at 37
• C with 5% CO 2 to obtain monolayers, which were then infected with Salmonella serovars.
Granulosa cell infection was performed as previously described (Babu et al., 2016) . Briefly, ovarian granulosa cells (1.5 × 10 6 cells per dish) in antibiotic-free medium were infected with Salmonella serovars at a multiplicity of infection of approximately 30. Between 4 and 7 replicates were set up for each serovar at each time point. The cells were incubated for 1.5 h at 37
• C and rinsed with gentamicin containing medium (50 μg/mL, Life Technologies). After 1 h, cells were incubated in a medium with lower gentamicin concentration (25 μg/mL) for a total of either 4 or 20 h post-infection (pi). The cells were washed with gentamicin-free medium and lysed with 0.2% Triton X-100. Intracellular bacteria were collected and enumerated on Xylose Lysine Tergitol-4 agar plates using an Eddy Jet 2 spiral plater and flash and go colony counter (Neutec Group, Inc. Farmingdale, NY, USA). Results are presented as number of intracellular Salmonella/granulosa cell at 4 (invasion) and 24 h (proliferation) pi.
Persistence of Salmonella Serovars in Egg White
Freshly laid eggs were used within 24 h after oviposition. The eggs were cleaned with 70% ethanol, cracked, and the egg white was separated from the yolk. Survival of spiked SO (10 3 CFU/mL) in egg white was evaluated after 24 h of incubation at room temperature, and every week up to 4 wk at refrigerated (42 to 46
• F) temperature. Concentrations higher than 10 3 CFU/mL were avoided to prevent the loss of albumen bactericidal activity (Kang et al., 2006) . Salmonella enterica serovar Oranienburg was enumerated by plating aliquots on Tryptic Soy agar.
Statistical Analysis
Dose-specific differences in tissue colonization at various timepoints post-infection were evaluated by the ttest. One-way analysis of variance was used, followed by pairwise multiple comparisons (Holm-Sidak method) to evaluate differences among serovars in their ability to invade and proliferate ovarian granulosa cells. For all the statistical analyses, differences were considered significant at P < 0.05.
RESULTS AND DISCUSSION
FDA implemented the Egg Rule in 2009 (Food and Drug Administration, HHS, 2009) to target the eradication of SE from layers, since egg-associated human salmonellosis is predominantly linked to this serovar (Jackson et al., 2013) . However, other serovars including, but not limited to, S. Typhimurium, SH, and SO have been implicated in shell egg associated human UOD represents upper oviduct and LOD the lower oviduct. Birds (28-wk-old) were orally gavaged with 10 7 or 10 9 CFU/mL of Salmonella enterica serovar Oranienburg/bird and colonization assessed at 1, 2, and 4 wk post-gavage. Spleen and LOD colonization was significantly (P < 0.05) higher (indicated by * ) in the 10 9 dose group compared to the 10 7 dose group at 1 and 2 wk post-gavage, respectively.
salmonellosis outbreaks (Jackson et al., 2013 ; Centers for Disease Control and Prevention (CDC), 2016); this necessitates systematic evaluation of the egg contaminating potential of each serotype to formulate prevention and control strategies. The experimental laying hen model has been extensively used to study mechanisms of SE infection, including tissue colonization, transmission into eggs, associated immune responses, and infection mitigation strategies to reduce egg contamination (Gast et al., 2002 (Gast et al., , 2011 Holt et al., 2010) . The main objective of this study was to determine the potential of SO to contaminate eggs by vertical transmission since it was recently linked to egg-associated outbreaks of human salmonellosis resulting in the recall of eggs (Centers for Disease Control and Prevention (CDC), 2016). Further, SO was recovered from shell eggs, the environmental samples of the processing facility and henhouses, calling the route of transmission into question. While the severity of infection depends on the strain and dose of the inoculum, we used a strain of SO that was isolated from the outbreak-associated environmental samples. The doses selected in our study have been shown to colonize tissues and contaminate eggs in previous studies with other serovars (Gast et al., 2004 (Gast et al., , 2007 (Gast et al., , 2011 . Also, the SO strain used in this study is closely related genetically to the implicated strain(s) in both the 2015 and 2016 outbreaks. We evaluated colonization of the reproductive tissues, which is a prerequisite for vertical transmission of Salmonella into eggs (Gantois et al., 2009; Gast et al., 2011) , and spleen colonization as a measure of systemic infection (Gast et al., 2004) . Our results showed that splenic colonization was significantly (P < 0.05) greater in the 10 9 dose group (100%) than in the 10 7 dose group (67%) 1 wk pi, only slightly lower at 2 wk pi, and by 4 wk only about 25% of the spleens were colonized in both dose groups (Table 1) . Colonization of reproductive tissues was lower than in the spleen at all 3 time points and was completely cleared by 4 wk pi (Table 1) . Significantly higher lower oviduct colonization was observed in the 10 9 dose group at 2 wk pi but was completely cleared by 4 wk pi (Table 1) . This could be due to dose-specific colonization of the lower oviduct tissues or ascending infection from the cloacal tissues (Keller et al., 1995) . Shedding in the excreta was 92 and 100% in the lower (10 7 ) and higher (10 9 ) dose groups, respectively, at 2 wk pi and was reduced to 12.5 and 40%, respectively, by 4 wk pi (data not shown). Our data suggest that following an oral infection, SO has the best potential to become systemic at around 1 to 2 wk pi, along with colonization of the reproductive tissues and clearance by 2 to 4 wk pi. Similar clearing of SE and SH from the ovaries and oviducts of laying hens by 3 wk post-challenge has been reported by others (Gast et al., 2004 (Gast et al., , 2007 . While SO was recovered from egg shells only when there were traces of excreta, it was not recovered from the internal contents of eggs (n = 1496) from any of the challenged birds. It is unlikely that we would have missed the optimal time point for egg contamination since we analyzed all eggs starting at day 1 post-challenge until the end of study period. Although our data showed no vertical transmission of SO into the eggs, colonization of ovaries and oviducts indicates a discernable potential for such a route of egg contamination early in the infection period. While there are limited outbreaks associated with contamination of internal egg contents, it is interesting to note that Salmonella serovars, including SO, can form a biofilm on egg shell surfaces which could be a major concern related to resistance to disinfectants and cross-contamination of processing equipment and food products (Pande et al., 2016) .
In addition to the in vivo studies, we used an in vitro ovarian granulosa cell model to compare invasion and proliferation of SO to a known egg pathogen such as SE phage type 8 (Gast and Benson, 1996) and to SHd, which was shown to colonize reproductive tissues but not contaminate eggs by vertical transmission (Gast et al., 2011) . Interaction of Salmonella with ovarian granulosa cells has been shown to begin with attachment, invasion and proliferation of Salmonella within granulosa cells, which may lead to contamination of yolk in preovulatory follicles due to its proximity to granulosa cells (Thiagarajan et al., 1994 (Thiagarajan et al., , 1996 . Our results (Figure 1) showed that invasion of SO (mean ± SEM SO, 4.36 ± 0.27) into granulosa cells was similar to that of SE (3.9 ± 0.11). Proliferation of SO was significantly (P < 0.05) lower than that of SE (SO: 130.9 ± 5.6 and SE: 182.8 ± 13.5) but significantly (P < 0.05) higher than that of SHd (25.73 ± 5.6). Invasion and proliferation of SO in granulosa cells signifies its ability to survive against the anti-bacterial factors and immune mechanisms of granulosa cells (Babu et al., 2016) . In the event SO gets into the yolk of preovulatory follicles, the follicles can undergo degeneration before ovulation or result in a contaminated egg.
Contamination of the internal contents of eggs may also occur in the albumen if the bacteria colonize the oviduct; however, this depends on bacterial expression of specific virulence genes (Lu et al., 2003) 3 SO CFU/mL albumen and stored at room temperature for 24 h and then refrigerated for up to 4 wk at 42 to 46
• F. Data (white circle) represents percentage change in SO from the original spiked concentration measured at weekly intervals with the mean value presented as a black circle (83, 96.8, 86.5, 97.1, and 64 .3% at 24 h, 1, 2, 3, and 4 wk, respectively). been shown to be much higher than other serovars, leading to a higher propensity of egg contamination by SE in natural and experimental conditions (Humphrey et al., 1991; Wales and Davies, 2011; De Vylder et al., 2013) . As another indicator of SO infective potential, we evaluated its persistence in fresh egg albumen over a period of 4 wk in refrigerated conditions. Salmonella enterica serovar Oranienburg persisted up to 65% of the original inoculated level in egg albumen during the 4-wk storage at 42 to 46
• F (Figure 2 ), suggesting its infective potential and its ability to survive antibacterial factors present in albumen. In general, the quality of egg albumen, as measured by Haugh units and albumen thickness, has been shown to deteriorate over 4 wk of refrigeration (Wang et al., 2015; Liu et al., 2016) . Furthermore, refrigeration of eggs for 30 d is also known to decrease the moisture content of yolk and the strength of the vitelline membrane, possibly facilitating the entry of microorganisms into the egg yolk (Shinn et al., 2016; Chen et al., 2005) . Furthermore, previous studies have shown migration of some of the Salmonella serovars into the yolk from the albumen, while others have shown minimal or no migration depending on the level of albumen contamination, storage time, and temperature (Braun and Fehlhaber, 1995; Gantois et al., 2008 Gantois et al., , 2009 Gast et al., 2010) . Assuming that eggs are refrigerated for 3 to 5 wk, a significant risk can be anticipated if the albumen is contaminated with SO, which can persist and possibly migrate into the yolk through the permeable vitelline membrane.
In summary, our data showed that SO colonized reproductive tissues of laying hens without causing internal egg contamination. Furthermore, SO invaded and proliferated within ovarian granulosa cells and persisted in egg albumen for 4 wk at 42 to 46
• F. Considering the recent egg-associated outbreaks linked to SO, its recovery from environmental samples, and its infective potential as determined in this study, additional largescale studies with more strains will be needed to ascertain the mechanism of egg contamination by this Salmonella serotype.
